hirsutum), resistant cultivars can protect against the RKN and Fusarium wilt (Fusarium oxysporum f. sp. vasinfectum Atk. Sny & Hans) disease complex caused by combined nematode and fungus infections (Hyer et al., 1979) . In addition, resistance in cotton plants suppresses soil nematode population densities, thereby protecting other susceptible crops grown in rotation (Ogallo et al., 1999; Starr et al., 2007) .
Three major germplasm sources of RKN resistance have been recognized in G. hirsutum. The fi rst source of resistance is found in the 'Acala NemX' cultivar (Bayer CropSciences Co., Shafter, CA) (Ogallo et al., 1999; Wang et al., 2006a) . Our studies on Acala NemX (Wang et al. (2006a,b) ; Wang et al., 2008) , originally released by the California Planting Cotton Seed Distributors (CPCSD, Shafter, CA; Oakley, 1995) , have shown this cultivar to be useful as an informative genetic model for detecting RKN resistance genes. The second source of resistance is found in the Upland cultivar 'Clevewilt 6'. This source was used to develop germplasm LA434-RKR, from which were derived two cultivars, Stoneville LA887 and Paymaster H1560 (Robinson et al., 2001) , widely planted in the early 1990s in the United States. The third source of resistance is found in Auburn 623 RNR and its derivatives (McPherson et al., 2004; Shepherd, 1974a) . Auburn 623 RNR originated from a cross between Clevewilt 6 and Wild Mexico Jack Jones (WMJJ). Plants (transgressive segregants) highly resistant to M. incognita have been reported (Shepherd, 1974b; Hyer et al., 1979; Hyer and Jorgenson, 1984) for Auburn 623 RNR and some N-lines (N6074, N9281, N9308, and N9311). McPherson et al. (1995) and Ulloa et al. (2009) postulated that highly resistant germplasm might carry two genes with one coming from each parent. Wang et al. (2006a) reported the fi rst closely linked SSR marker (CIR316) to the RKN resistance gene rkn1. The CIR316 marker was mapped to cotton linkage group A03 (chromosome 11) (Frelichowski et al., 2006; Wang et al., 2006c) . Several research groups developed new markers and screened existing ones closely linked to CIR316, confi rming the importance of this region in chromosome 11 using different sources and cotton mapping populations (Wang and Roberts, 2006; Shen et al., 2006; Ynturi et al., 2006; Niu et al., 2007) . Wang et al. (2008) also reported that gene rkn1 in Acala NemX interacted with a factor (designated as RKN2) in 'Pima S-7' (G. barbadense) to produce a highly resistant phenotype (transgressive segregant). The RKN2 gene was linked to the SSR marker MUCS088 located on chromosome 11 . These results demonstrated that a highly susceptible parent contributed to nematode resistance resulting in transgressive segregation. Recently, Ulloa et al. (2009) concluded that breeding for optimal RKN resistance must be based on selection of progenies with combinations of determinant genes homozygous for resistance, and their QTL analyses validated the importance of a major genome region in chromosome 11 harboring RKN genes.
Additional QTL analyses have indicated that other genes contributing to RKN resistance reside on chromosomes 7 and 14 (Shen et al., 2006; Ynturi et al., 2006) .
There is strong interest in the use of exotic germplasm sources in cotton breeding, but large blocks of genes that are also introgressed during recombination between two parental lines (linkage drag) has limited the use of such germplasm . DNA markers (Park et al., 2005; Frelichowski et al., 2006) and DNA sequencing information are especially useful for targeting specifi c traits or genes of interest, monitoring alien genome introgression, and providing genetic bases for selecting particular regions of a genome that are targeted for introgression. Due to the complexity of gene introgression and recombination interactions during cultivar development, we designed a study to: i) compare the three major germplasm sources of RKN resistance and diverse germplasm, ii) investigate the ancestral genome origin of RKN resistance in chromosomes 7, 11, and 14 using selected microsatellite or SSR markers, iii) compare SSRs and DNA sequence data to support the ancestral origin of RKN resistance, and iv) discover putative single-nucleotide polymorphisms (SNP) among selected genotypes. This study aimed to provide better understanding of the three major germplasm sources of RKN resistance and the ancestral genome origin of the resistance by comparing SSR markers and DNA sequence data.
MATERIALS AND METHODS

Plant Material
Germplasm and cultivars used in this study are presented in Table 1 . We selected available germplasm and cultivars of allotetraploid (AD 1 ) G. hirsutum (26 entries) and allotetraploid (AD 2 ) G. barbadense (fi ve entries) based on pedigree information (Fig. 1) . The pedigree information in Fig. 1 is not complete (data were lacking from 1916 to 1931, Fig. 1B ), but it represents the most accurate information available from diff erent crosses. The information was extracted from published pedigrees from diff erent sources and more recently in Smith et al. (1999) . The RKN resistance source for Acala NemX (Fig. 1 ) was also compiled from diff erent sources which included the offi cial USDA-ARS germplasm release documentation and reports (see Hyer and Jorgenson, 1984) and the Acala NemX release (Oakley, 1995) . Genotypes with diff erent or ancestral RKN resistance backgrounds were also selected to validate RKN resistance and molecular data. In addition, the diploid A genome was represented by six entries of G. herbaceum (A 1 ) and ten entries of G. arboreum (A 2 ), and the diploid (Table 1) .
Nematode Resistance Screening
Cotton populations were evaluated for nematode resistance under controlled conditions in a greenhouse using previously published protocols with some modifi cation (Wang et al., 2006b) . Briefl y, 2-wk-old seedlings were inoculated with approximately 50,000 eggs of M. incognita race 3 (isolate Project 77, originating from a cotton fi eld in Tulare Co., CA). Air temperatures in the greenhouse were maintained between 28 and 35°C during the day and 24°C at night. Individual plants were phenotyped 70 d after inoculation. A 0 to 10 root-gall rating scale (Bridge and Page, 1980) ranging from no galling (0) to severe galling reaction (10) was used to evaluate resistance reaction to nematodes [mean root galling index (GI)] (Wang et al., 2006b ). The phenotyping experiments were conducted in two tests. Cotton entries were grown in a complete randomized design (CRD) with fi ve replications in each test.
Microsatellite (SSR) Marker Analysis
The protocols of DNA extraction and amplifi cation of microsatellite or SSR markers and their resolution on agarose and polyacrylamide gels were performed according to Ulloa et al. (2008) . We used SSR markers NAU0474, NAU0845, and NAU1048 from chromosome 7; BNL1066, BNL1231, BNL3279, CIR003, For 10% acrylamide (Bio-Rad Laboratories, Hercules, CA) and single-strand conformation polymorphism (SSCP) gel systems (MDE gel solution, Lonza Rockland Inc., Rockland, ME), PCR products were separated on a Sequi-Gen GT Nucleic Acid Electrophoresis Cell (Bio-Rad Laboratories, Hercules, CA) containing 1X and 0.6X TBE at 3 m 2 kg s -3 for 5 and 12 h, respectively. Staining was performed with a DNA Silver Staining kit (Amersham Biosciences, Piscataway, NJ) for visualization. Fluorescent-labeled selected PCR primers were synthesized by Sigma-Aldrich (Sigma-Proligo, The Woodlands, TX) and ABI (Applied Biosystems, Foster City, CA). After visualization on agarose gel, SSR markers with discrete PCR banding patterns were again electrophoresed using a capillary DNA Analyzer system (CEQ 8000 Beckman Coulter, Fullerton, CA) and an ABI DNA Genetic Analyzer (Applied Biosystems, Foster City, CA).
The PCR amplifi ed fragments were scored visually from the agarose gels with ethidium bromide and silver-stained polyacrylamide gel plates (SSR-amplicons). Peaks were scored from electrographs from the capillary CEQ 8000 DNA Analyzer System and ABI DNA Genetic Analyzer. Presence or absence of a PCR product (fragments or peaks) was recorded as 1 or 0, respectively.
DNA Sequencing
CIR316 and MUCS088 marker-primers were used to amplify genomic regions known to be linked to RKN resistance (Wang et al., 2006a; Wang et al., 2008; Ulloa et al., 2009 ) on selected resistant and susceptible genotypes. The two SSR markers amplifi ed DNA fragments from several genotypes of allotetraploids (G. hirsutum and G. barbadense) and diploid ancestral species (A and D genomes). Targeted DNA amplicons or DNA fragments were selected from the agarose gel. These DNA fragments were amplifi ed from entries with known reaction to RKN resistance. DNA of each amplicon was re-isolated from the agarose with Qiagen DNA purifi cation kit (Qiagen, Valencia, CA) and then re-amplifi ed. PCR products were cloned into TOPO TA cloning pCR4-TOPO vector and transformed into TOP10 one-shot Escherichia coli cells. Cloning and transformation procedures were performed according to manufacturer's instructions (Invitrogen, Carlsbad, CA). PCR marker primers and Invitrogen fl ankingprimers were used to check for the inserted PCR product before sequencing. Genomic clones were sequenced using the ABI BigDye terminator (Applied Biosystems, Foster City, CA). Multiple clones from individual entry amplifi ed products and at least three identical sequences from each clone were used for the analysis to minimize error in sequencing. DNA sequencing was performed using an ABI DNA Genetic Analyzer (Applied Biosystems, Foster City, CA). Sequences were analyzed with the Lasergene V 7.2 computer program (DNASTAR, Madison, WI).
Data Analysis
Phenotypic data based on RKN GI were subjected to one-way analysis of variance (ANOVA). Fisher's Protected LSD test was used to compare the treatment means using SAS (SAS, ver. 9.1.3; SAS Institute, Cary, NC). These data were used to compare level of RKN resistances and origin with genetic distances.
The Numerical Taxonomy and Multivariate Analysis System (NTSYS-pc) version 2.2 (Rohlf, 2002) was used to calculate the genetic distances (Nei, 1972) and to analyze phylogenetic relationships of tetraploid and diploid species by unweighted pair group method average (UPGMA) clustering analysis and principal components analysis. Computations for the statistical analysis of the data were performed with Phylogenetic Analysis Using Parsimony (PAUP* 4.0 β) (Swoff ord, 2002) to compare results generated by diff erent methods [Parsimony, neighbor joining, UPGMA (Saitou and Nei, 1987) ], and bootstrapping (Felsenstein, 1985) .
After each DNA sequence from each selected genotype was proofed and trimmed using the software from the ABI DNA Genetic Analyzer (Applied Biosystems, Foster City, CA), sequence data were imported into the Lasergene V 7.2 computer program (DNASTAR, Madison, WI) for further analysis. EditSeq (DNASTAR, Madison, WI) was used as a sequence editor and import or export tool. MegAlign (DNASTAR, Madison, WI) was used to generate pairwise and multiple sequence alignments of DNA, and to create phylogenetic trees as well as reports and percentage identity tables showing the numerical data underlying the comparisons. The Jotun Hein (Hein, 1990) and ClustalV (Higgins and Sharp, 1989 ) methods were used for aligning all sequences in the worktable, for generating percentage identities, and for building phylogenetic trees using neighbor joining.
RESULTS
Nematode Resistance Evaluation of Diverse Germplasm and Available Pedigree Information
Diff erences (P < 0.05) in GI were observed between the resistant and susceptible genotypes among the 56 entries of Gossypium spp. In the three major germplasm sources of RKN resistance, GI ranged from 0.3 (Auburn 634 RNR) to 2.9 (Clevewilt 6), with resistant Acala NemX averaging 1.2. In the three G. barbadense genotypes used as susceptible checks (Pima S-6, Pima S-7, and Pima 3-79), GI averaged 5.6. The Auburn resistance sources (Auburn 623 RNR, Auburn 634 RNR, M-120, and M-315) were highly resistant (GI range 0.3-0.8).
Based on cotton entries available at the Cotton Germplasm Collection (USDA-ARS, College Station, TX) and pedigree information (Fig. 1A and 1B) , we evaluated the parental and available derived cotton entries of the three major sources of RKN resistance. In the pedigree of Acala NemX (Fig. 1A) , FBCX-2 (a Missouri breeding line) had a GI of 2.8, and derived cotton entry N0044-1 [N901 line obtained from breeding stock N6072 (USDA-ARS, germplasm release, 1978)] had GI = 0.9.
In germplasm from the early 1900s from which the original RKN resistance introgression may have been introduced into Clevewilt 6 (Fig. 1B) , Coker Foster (GI = 2.0), Coker 100 (GI = 2.4), and 'Lone Star' (GI = 2.6) had resistance phenotypes similar to Clevewilt 6 (GI = 2.9). In contrast, 'Stoneville 2' (GI = 4.6) and 'Stoneville 3' (GI = 3.6) were susceptible. In the third source of resistance (Auburn 623 RNR; Fig.  1B ), a high level of resistance was observed, similar to that reported previously by Shepherd (1974b) : Auburn 623 RNR (GI = 0.2), Auburn 634 RNR (GI = 0.3), M-120 (GI = 0.6), and M-315 (GI = 0.8) germplasm were each highly resistant to RKN. Wild Mexico Jack Jones was observed to be moderately resistant (GI = 3.3), and Auburn 56, a parent in the M-line derivatives from Auburn 623 RNR (Fig. 1B) , was susceptible (GI = 5.5). Other Auburn source derivatives not phenotyped in this study but included in the marker analysis were reported by Robinson et al. (2001) to be resistant (M-75) and moderately resistant (M78 and M188) to RKN. We evaluated additional germplasm from other sources, for example, LARN 4-4 (GI = 1.1), LONREN-1 (GI = 2.6), LONREN-2 (GI = 3.9), Pima 3-79 (GI = 5.5), TM-1 (GI = 3.5), and Tanguis (GI = 5.1) ( Table 1) . These entries were observed to range from resistant to susceptible for RKN.
Mean root galling index from the A diploid genomes ranged from 4.1 to 5.8 for G. herbaceum and from 0. 
Marker Analysis of Ancestral Introgression of Genomic Regions for Resistance
Identifi cation, comparison and validation of PCR-amplifi ed DNA amplicon (alleles hereafter)-sizes among diff erent detection systems in the diff erent cotton genotypes were conducted for selected SSR markers. Fourteen markers were selected from three chromosomes [chromosome 7 (Shen et al., 2006; Ulloa et al., 2009) , chromosome 11 (Wang et al., 2006a) , and chromosome 14 (Ynturi et al., 2006) ] based on previously reported associations with RKN resistance.
Except for CIR316 allele (206-207 bp) no alleles from other SSRs were consistently observed in resistant entries (GI < 3). SSR markers from chromosome 14 were polymorphic within G. hirsutum, but no allele from these SSRs was associated consistently with resistant entries (GI < 3).
Alleles from the 14 selected SSRs from the three chromosomes were fi ngerprinted to examine the introgression of RKN resistance and its ancestral genome origin. Many amplifi ed alleles were novel or not observed in either ancestral A or D genome species. Alleles on ancestral A or D genome species were identifi ed from fi ve SSR markers, including three from chromosome 11 (BNL1066, CIR316, and MUCS088) and two from chromosome 7 (NAU0845 and NAU1048), which were similar to those in the allotetraploid cottons. For MUCS088, eight of the ten G. arboreum (A 2 ) diploid entries (019, 027, 030, 031, 041, 72, 076, and 079) and one G. barbadense tetraploid entry (Pima 3-79) contained the same size bands (165 bp and 167 bp) as Pima S-7  Fig. 2 ), indicating that MUCS088 might have an A 2 (G. arboreum) genome origin . To further examine this possible ancestral origin of introgression, we selected the eight SSRs from chromosome 11 to investigate genetic relatedness or genetic distances in these diff erent RKN resistance backgrounds and genome species (Tables 1 and 2 ; Fig. 1 and 2) . The genetic distances among cotton entries from chromosome 11 are presented in Table 2 . The closest average distances to the tetraploid cottons were observed in the Asiatic diploid A genomes, with A 2 (G. arboreum) the closest, ranging from 0.19 to 0.28 distance from tetraploid cottons. This close average distance indicated that the introgression may have occurred from the Asiatic cottons (entries 1-8 versus 9 and 10 in Table 2 ). This observation was also supported by the furthest observed distance being between the tetraploid Pimas and the resistant Upland FBCX-2, the likely progenitor of the resistance into Acala NemX. The neighbor-joining dendrogram shows the relationships among the cotton entries examined in this test with chromosome 11 markers (Fig. 3) . The cotton entries were clustered in distinct, divergent groups according to genome species relationships. The neighbor-joining tree also clustered the allotetraploid G. hirsutum cottons in two divergent groups based on RKN resistance level (Acala NemX cluster, GI < 3; Lone Star cluster, GI > 3) (Fig. 3) . SSR) markers (BNL1066, BNL1231, BNL3279, CIR003, CIR069 , CIR196, CIR316, and MUCS088) from chromosome 11. Distances were calculated using PAUP* 4.0 beta software (Swofford, 2002). 
Sequence of Alleles (DNA Fragments) from Genomic Regions of Resistance Introgression
The ancestral introgression of RKN resistance was examined further with DNA sequencing information from alleles (DNA fragment for this section) of two previously reported SSR markers [CIR316, Wang et al. (2006a) , and MUCS088, Wang et al. (2008) ] linked to RKN resistance genes on chromosome 11. Primer pairs from CIR316 and MUCS088 markers were utilized to amplify genomic DNA fragments from individual plants of selected cotton entries (Tables 3 and 4) . After multiple alignments and verifi cation of DNA sequences from all entries, 15 DNA sequences were selected and deposited in Genebank from primer pair-marker MUCS088 (accession Nos. FJ599673-FJ599687), and 11 sequences were selected from primer pair-marker CIR316 (accession Nos. FJ599688-599698). For MUCS088, the 15 selected fragments varied in sizes from 141 to 153 bp (153-147, 145, and 143-141 bp) . We selected two fragments with 151 bp and 149 bp from the allotetraploid G. barbadense and three fragments from allotetraploid G. hirsutum with 143, 142, and 141 bp. The range of sequenced DNA fragments from the A and D diploid genome species was 145 bp to 153 bp (Fig. 4) . Percentage identity or similarity of DNA sequences calculated by the Jotun Hein method (Hein, 1990) revealed that the G. barbadense fragments were closest to G. arboreum (A 2 ) and G. thurberi (D 1 ) diploid species (Table 3) . The sequences were also used to construct phylogenetic trees. The neighbor-joining phylogenetic tree (Fig. 5A) showed the presence of two broad clades in the phylogram, one for G. barbadense and one for G. hirsutum cottons (Fig. 5A ). All the sequences (Fig. 4) from an individual clade of the neighbor-joining tree were aligned and compared to detect the putative SNP. These sequences were also checked for variation in base pair number in the SSR motif repeats or number variation of two or three bp at a single position between two entries. The alignment and comparison of all sequences did not reveal a clear distinction between A and D genome species for the origin of introgression into the allotetraploid DNA cottons (Fig. 4) . With the strategy of identifying sequence diff erences in an individual clade, we were able to detect a putative SNP (C) in the TC motif only present in the D 1 genome, G. thurberi (148 and 152 bp) and G. barbadense (AD 2 ) (149 bp). In addition, a putative SNP (C) in the G. hirsutum (AD 1 ) fragments (141, 142, and 143 bp) was observed to be present in the D genome G. raimondii Ulbr. (D 5 ) (data not shown).
For CIR316, the 11 sequenced fragments varied in size from 189 to 207 bp (Fig. 6) . We selected two fragments with 190 and 200 bp from G. barbadense and three fragments from G. hirsutum entries with 197, 199, and 207 bp. For the allele closely linked to the rkn1 locus (Wang et al., 2006a) , we harvested fragments ranging from 204 to 207 bp from the three major G. hirsutum germplasm sources of RKN resistance (N901, Acala NemX, Clevewilt 6, and Auburn 634 RNR). The size variation was the result of missing nucleotides (A) at bp positions 49 to 51. However, the Clevewilt 6 DNA fragment (207 bp) was observed with a G nucleotide at bp position 49 (Fig. 6) . Sequenced fragments from A and D diploid genome species ranged from 189 to 216 bp (Fig. 6) . We only sequenced DNA fragments Table 4 ). The neighbor-joining phylogenetic tree had two broad clades, one for G. barbadense and one for G. hirsutum (Fig. 5B ). Alignment and comparison of all sequences did not reveal a clear distinction between A and D genome species for the origin of introgression into allotetraploid cottons (Fig. 6 ). 
DISCUSSION
To examine the introgression of RKN resistance and its ancestral genome origin, we compared the three major germplasm sources (Acala NemX, Clevewilt 6, and Auburn 623 RNR) of RKN resistance and diverse germplasm, using selected SSR markers from chromosomes 7, 11, and 14 and sequence DNA information. The RKN resistance phenotyping results confi rmed previous reports of the resistance levels in most of the modern RKN resistant germplasm sources and their derivatives, as illustrated in the pedigrees in Fig. 1 , and identifi ed a set of RKN resistant germplasm lines for the DNA marker and sequence analysis. This included the high resistance levels in Acala NemX and Auburn 623 RNR, and Auburn 634 RNR and M-lines derived from the Auburn source, plus the moderate resistance in Clevewilt 6 and WMJJ, and low resistance in Auburn 56. The recent pedigree relationships of these lines and cultivars are established and indicate the importance of Clevewilt 6 and WMJJ as the resistance donors for the Auburn germplasm sources (Fig. 1B) . Screening of the earlier 1900s pedigree lines for the Auburn source of resistance, for which the record is incomplete (Fig. 1B) , identifi ed Lone Star, Coker Foster, and Coker 100 as primary resistance donors, while Stoneville 2 and Stoneville 3 were susceptible or with weak resistance, respectively. In the pedigree of Acala NemX (Fig. 1A) , the Missouri breeding line FBCX-2 was resistant, and derived line N0044-1 was highly resistant, indicating that FBCX-2 was a key RKN resistance donor, and that AXTE 22, the other parent of the N-line series (which was unavailable for testing), also contributed one or more resistance genes. FBXC-2 and AXTE 22 had complex pedigrees including triple hybrids (G. arboreum-thurberi-hirsutum) (Fig. 1A) , among which G. arboreum had close genome association with the RKN resistant G. hirsutum group as indicated by the RKN chromosome 11 markers and sequence data. We scrutinized alleles from the 14 selected SSRs from chromosomes 7 (Shen et al., 2006; Ulloa et al., 2009) , 11 (Wang et al., 2006a) , and 14 (Ynturi et al., 2006) because of their previously identifi ed association with RKN resistance from our diverse cotton array. Each of these SSR markers amplifi ed novel alleles or DNA fragments in the ancestral A or D genome species not observed in the tetraploid entries. Only the SSR CIR316 allele (206-207 bp) marker located on chromosome 11 was observed on the cotton entries that had resistant phenotypes, confi rming the importance of chromosome 11 for RKN resistance. All the other alleles from other SSRs did not associate with the resistance phenotype, indicating that they were not informative as markers linked to major resistance determinants. For some, such as the MUCS088 allele associated with the transgressive resistance factor RKN2 in susceptible Pima S-7 , the association with the resistance phenotype would not be recognized in genetic backgrounds which lacked a primary gene for resistance, because its contribution to resistance is only generated by epistatic interaction between the R genes.
When we focused more directly on chromosome 11 to examine the ancestral genome origin of RKN resistance introgression, the closest average genetic relatedness or genetic distances to the allotetraploid RKN resistance backgrounds generated from eight chromosome 11 SSRs were observed with the Asiatic diploid A genome, G. arboreum (A 2 ), indicating it as the probable source of introgression (Table 2 ; Fig. 2 ; Wang et al., 2008) . A larger distance was found between the tetraploids AD 1 and AD 2 . This observation may have resulted from only targeting this specifi c region for chromosome 11 and not the entire genome. However, markers based on electrophoretic differences, including restriction fragment length polymorphisms (RFLPs), amplifi ed fragment length polymorphisms (AFLPs), and SSRs can sometimes mask underlying genetic variation. This can complicate marker discovery and application, especially in the complex polyploid cotton genome. Single-nucleotide polymorphism provides access to sequence diff erences directly by single-base variations in the genetic code usually represented as two, or sometimes three, diff erent bases at a single position . We focused on DNA sequencing information from alleles (DNA fragments) of specifi c primer pairs from CIR316 (Wang et al., 2006a) and MUCS088 markers which are known to be linked to RKN resistance genes, using comparisons of entries from the three major Acala and Upland germplasm sources of RKN resistance, G. hirsutum [Acala NemX (N901), Clevewilt 6, and Auburn 634 RNR], RKN susceptible allotetraploid entries (Pima S-6, Pima S-7, Pima 3-79, TM-1, and moderately tolerant WMJJ), and A and D diploid genome species. After multiple alignments and verifi cation of DNA sequences from all entries, we were able to run diff erent analyses on 15 DNA sequences of MUCS088 and on 11 sequences of CIR316. DNA sequences between RKN resistant and susceptible entries for CIR316 alleles provide additional information for developing SNP markers to optimize MAS. Tetraploid Acala and Upland (AD 1 ) and Pima (AD 2 ) cottons showing the same SSR marker amplifi cation alleles as G. arboreum (A 2 ) might suggest that RKN resistance was introduced from the diploid cotton A 2 genome (genetic distance ranging from 0.19 to 0.27 distances) as we have implied previously . However, DNA sequence diff erences from PCR amplifi ed products in the tested A and D diploid genomes also suggested a pattern of variation developed during cotton genome evolution. Percentage identity from MUCS088 and CIR316 DNA sequences revealed that the Pima cottons and Upland RKN resistant cotton Clevewilt 6 (206-207 bp) were closer not only to A 2 but also to G. herbaceum (A 1 ), G. thurberi (D 1 ), and G. trilobum (D 8 ) diploid species, while other Upland DNA sequences were closer to G. raimondii (D 5 ). This fi nding is supported by the DNA sequence information because G. arboreum (A 2 ) and G. thurberi (D 1 ), which have similar putative SNPs (C) at the DNA level, are not similar to G. raimondii (D 5 ), which is considered to be the closest relative to tetraploid cottons (Wendel and Cronn, 2003) . It is possible that D 8 (G. trilobum) is the ancestor of G. thurberi (D 1 ) because these two species grown under similar environments and are very similar morphologically, although they have diff erent specifi c habitats ( J. Stewart and M. Ulloa, personal communication, 2009 ). D 8 is found closer to the equator, therefore we propose that D 1 is a dispersed species from D 8 that eventually migrated as far north as the Arizona desert. More research is needed to fully understand and determine the ancestral introgression of RKN resistance into Acala and Upland tetraploid cottons.
Recently, Ulloa et al. (2009) reported that RKN resistance genes rkn1 and RKN2 were positioned on chromosome 11, and SSR markers CIR316 and MUCS088 on chromosomes 11 and 21 showed the association of two different chromosomes with RKN resistance, supporting that gene interactions occurred in these two chromosomes. Allotetraploid cottons have 26 pairs of chromosomes. Chromosomes 11 and 21 are homeologous and between which locus duplication and gene interactions have occurred Ulloa et al., 2009) . Our results support the view that interaction between these homeologous chromosomes 11 and 21 has contributed to the genetic structure of nematode resistance trait determinants in the Acala and Upland and the Pima or Acala/Upland and Pima cottons. Further fi ne mapping and physical mapping eff orts of these chromosome regions should help to reveal the detailed structure of the nematode resistance gene specifi cities in this region. Results from this research indicate that the introgression of RKN resistance into Acala and Upland tetraploid cottons occurred by artifi cial hybridization with ancestral genome origin from G. arboreum (A 2 ) and G. thurberi (D 1 ) , and also G. trilobum (D 8 ) diploid species, as outlined in the breeding pedigrees, and not during cotton genome evolution. We conclude that breeding for optimal resistance must be based on selection of progenies with combinations of determinant genes homozygous for RKN resistance.
